Linear and nonlinear ultrasound imaging methods highlight different damage features: the linear method detects large stiffness changes, while the nonlinear technique identifies small impedance mismatches, such as microcracks or closed delaminations. Typically, nonlinear ultrasound techniques detect damage/defects in materials by measuring higher order harmonics. These harmonics can be difficult to measure due to low magnitude and signal to noise ratios (SNR): hence large excitation amplitudes are needed, which can further complicate the reliability of these methods as equipment nonlinearities can be generated. To overcome these issues, exciting at specific frequencies, known as local defect resonances (LDR), produce a much larger displacements at the damaged regions. However, estimation of LDR is time-consuming, complex and not an easily automated process.
Introduction
Carbon fibre reinforced plastic (CFRP -composite) materials are currently being used across a wide range of engineering fields, the selection of these types of materials are generally due to good strength to weight capabilities. These materials have inherent weaknesses such as susceptibility and difficulty in impact damage evaluation, which can lead to large reductions in the strength of components and can ultimately lead to failure. Evaluation of impact damage in composites becomes difficult under low velocity impact damage, as there may be very little surface flaws but large areas of subsurface delamination which can significantly reduce material strength. These types of damage are generally referred to as barely visible impact damage (BVID), and can be caused during the manufacturing process as well as during the service life of the component. Due to the difficulty of detection, BVID may be undetected and lead to catastrophic failure of key structures. BVID is classified as significant internal damage that is undetectable by visual inspection. Due to the hidden nature of BVID, composite materials must be regularly inspected and due to the ever increasing size of these structures inspection should be quick and cover large areas. There is concerns.
Not only is it more costly to inspect composite components compared with metallic structures, the reliability and effectiveness of NDT/ E methods to detect the occurrence of critical failure modes has not been perfected. These methods have various drawbacks such as time, cost and defect discovery concerns.
One of the most promising and well-developed fields of NDT/E is ultrasonic testing methods which have been found to provide high levels of suitability and effectiveness in damage/defect evaluation and have become very popular due to their capability, flexibility and relative cost-effectiveness. Ultrasonic testing can be broadly defined into two groups those based on principles of linear ultrasound and those based on principles of nonlinear ultrasound. Linear ultrasound methods include mode-conversion, transmission, reflection, absorption of acoustic energy and scattering caused by a damage [2] [3] [4] [5] . Linear techniques generally focus on the detection of amplitude and/or phase change of response signals.
Infrared thermography has had significant interest within industry due to its ability to rapidly and accurately detect BVID. One of the most promising methods within this field, is thermosonics, which relies on the excitation of a medium using a piezoelectric transducer (PZT) or welding horn with damage evaluation obtained by measuring the thermal response with an infrared (IR) camera [6] . These methods face issues of repeatability due: to the physics governing the heat generation process in vibrating defects, are limited to thinner structures, and the difficulty in determination of the correct excitation frequency. Recent work in this field has focused on excitation at LDR [7] , long pulse and lock-in techniques [8] and the utilisation of a sweep excitation methodology to ensure LDR excitation [9] .
Other composite damage imaging techniques include ground penetrating radar [10] , terahertz spectroscopy [11] , X-ray computed tomography [12] and electrical techniques [13] . These methods have shown good results, but have limitations such as: material limitations and portability and adaptation for field work.
Nonlinear ultrasound includes frequency mixing, modulation of ultrasound by low-frequency vibration and harmonic generation [14] [15] [16] [17] [18] . Nonlinear techniques correlate the presence of additional frequency components in the output signal with damage/defects [19] [20] [21] .
The current focus on nonlinear techniques is that the sensitivity of these methods to evaluate damage evolution appears to be a few orders of magnitude higher, while linear techniques are only sensitive to gross defects rather than micro-damage [22] . Multiple authors have investigated the ability of nonlinear techniques for detection and localisation of damage in a variety of samples [23] [24] [25] [26] . These works focused on measuring nonlinear structural responses acquired from multiple locations both in the time and frequency domain, with the aim of providing statistical indicators based on nonlinearities.
The leading field in ultrasonic testing is arguably ultrasonic phased array (PA) techniques in terms of damage detection capabilities and suitability for composite material structures. PA systems use an array of transmitting and receiving piezoelectric elements, where the sequence of firing and capturing determines the method and accuracy. These systems use three main methods for damage assessment and imaging, such as the plane/focus swept method, full matrix capture (FMC) and total focusing method (TFM) a post-process technique [27, 28] .
Currently, linear PA system development has focused on non-contact laser ultrasonic methods that use lasers instead of transducers to generate and receive ultrasonic waves [29] [30] [31] . The shift to non-contact methods is due to difficulties in inspection of structures with complex shapes, contact issues between the probe and surfaces near edges and holes, among others [32] .
Nonlinear ultrasound PA techniques have been assessed by the following authors [33] [34] [35] [36] . Ohara et al. and Park et al. have extensively developed and evaluated and improved the detection of open and closed cracks in metallic structures using a subharmonic phased array, while Potter et al. has developed a nonlinear array based on the traditional TFM. These methods provide nonlinear ultrasound information through the thickness of the sample, rely on short excitation signals, have been assessed on metallic structures and do not generally address issues of equipment based nonlinearities. More recent work, by Haupert et al., showed that an amplitude modulation method which relied on subtraction method of various firing elements showed higher detection of a crack when compared to conventional ultrasound imaging [37] .
A constructive nonlinear array (CNA) technique was proposed by Fierro and Meo 2016 [38] for optimising nonlinear imaging (NIM) of difficult flaws in laminated structures. This work looks to improve the effectiveness and reliability of this method. CNA is a post-process technique (but not limited to this) used to constructively phase match multiple captured signals at a particular position (k) given multiple transmit positions (j), similar to the TFM method. The method relies on capturing the signal on the surface of the structure using a laser vibrometer (LV) while exciting from multiple locations. The method uses a continuous time domain signal to prolong the ultrasonic force acting on damaged/defected regions with the aim of increasing the likelihood of the generation and capture of nonlinearities from these regions. Furthermore the longer signal (unlike pulses which have low frequency resolution) provide greater information with regards to the frequency spectrum of the signal (essential for nonlinear ultrasound techniques). This is unlike TFM methods that use short pulses and post-process beam focusing to generate grid intensity maps (B-Scans).
The CNA method also looks to reduce the effects of nonlinearities produced by equipment errors and instabilities [38] . Due to the amplitude of nonlinearities produced by damage/defects equipment errors can greatly affect the robustness and repeatability of these nonlinear methods. Further adding to this issue of equipment errors is the tradeoff between the large excitation amplitude required to generate nonlinearities and the further increase in the generation of equipment errors produced at large excitation amplitudes by equipment. Fierro and Meo 2016 [38] showed that unwanted nonlinearities can be removed/ reduced, through the known process of frequency attenuation and that these unwanted equipment harmonics will tend to zero as distance increases. Furthermore the method suggested that by adding further transducer locations to the array (high number of transmit positions) these effects will reduce and eventually become redundant, thus vastly improving the potential of nonlinear ultrasonic techniques.
One of the main drawbacks in many nonlinear techniques is the selection of the excitation frequency. It has been shown by Solodov et al. [39] that excitation at local defect resonances (LDR) results in a larger increase in vibration amplitude at these frequencies, thus from the prospective of nonlinear techniques, excitation of the damage region should be conducted at these frequencies to maximise further harmonic generation and maximise defect detectability. The underlining issue with such methods is that they rely on known damage location and material properties, without prior knowledge of damage location it becomes difficult to determine the frequency of LDR. Furthermore these frequencies result in a local response in displacement (no wave propagation from these areas), thus measurements need to be taken at these points using air-coupled piezoelectric transducers or laser vibrometry.
This work proposes a multistep approach based on the CNA ideology while using a sweep and subtraction method to alleviate the issues in determining LDR frequencies and improve results. Furthermore, the approach evaluated looks to combine both linear and nonlinear results in order to aid and improve damage detection capabilities of CNA. Firstly, unlike CNA where an individual (LDR) frequency is determined and used to excite the component and determine the damage location, a narrow sweep excitation (burst) is used instead. In this case the sweep used was a 10 kHz burst between 20 kHz and 30 kHz, 30 kHz and 40 kHz and 40 kHz and 50 kHz (dependent on sample tested). This sweep methodology focuses on increasing the probability that between these frequency ranges the LDR frequency will be excited, thus reducing time spent on trying to determine LDR. The sweep excitation signal (burst) used is similar to a continuous signal in terms of length (frequency resolution is much higher than a pulse) but contains multiple frequency components. Thus for the purpose of this work the method will be referred to as the Constructive Nonlinear Array Sweep (CNAS), to ensure no confusion with CNA.
Like the CNA method, CNAS captures a grid of signal responses on the surface of a structure using a laser vibrometer (LV) while exciting from multiple locations (j), the captured signals for each excitation position are then added in order to generate an image from all inspected positions (k). Using the LV the out-of-plane velocity was captured for each point (k). After which the total out-of-plane velocity for that point was determined over the relevant frequency band through integration (i.e. between 20 kHz and 30 kHz for the fundamental response). This same approach was used in evaluating the higher order harmonics (2nd and 3rd harmonics, between 40 kHz and 60 kHz and between 60 kHz and 90 kHz respectively). This method will be explained in greater detail in Section 2.1.
While CNA alleviates nonlinearities produced by equipment errors and instabilities it does not improve noise levels within a system. CNAS proposes an image subtraction method that creates further 'sub-bands' within the larger bands selected to evaluate the fundamental, second and third order harmonics. By creating sub-bands and subtracting them from each other it is possible to improve the signal to noise ratio (SNR) of the nonlinear responses and improve the nonlinear imaging capabilities. Furthermore this method improves issues of frequency selection and can be considered a baseline free method.
Lastly, CNAS looks to evaluate various nonlinear parameters (α norm , β norm and γ norm outlined in Section 2.1), with the aim of combining both linear and nonlinear responses in order to improve overall results. By combining both the linear and nonlinear elements within the subtraction methodology it is expected that greater damage definition around the edges of the damage will occur. This is expected due to the fact that various frequency ranges (either over the linear or nonlinear range) will excite different areas of the damage region, this work does not look to discount linear techniques but rather to improve nonlinear results through subtraction and improve damage definition and determination with the implementation of a combined linear and nonlinear approach, i.e. to take advantage of benefits of both methods.
For the purpose of the work, three test samples (complex stiffener and two flat panels) were used to evaluate the effectiveness of the CNAS method. The results clearly show the effectiveness of the sweep and subtraction methodology evaluated.
Theory and background

Sweep and subtraction methodology
This sweep and subtraction method relies on the theory of LDR, which is based on the resonant ultrasonic wave-defect interaction due to local defect resonance. It has been shown that exciting defects at the correct frequency results in highly localised vibration at the defect location, that can have an amplification of the vibration amplitude averages up to 20db [39] . However, the local defect resonance frequency (or frequencies) is an unknown variable and to determine it for standard maintenance could be time consuming and quite often impractical. By using a sweep excitation with a large frequency bandwidth, a higher probability of exciting the LDR frequency is gained over single frequency excitation. Thus it is expected that an amplified response at the damage location will be found at the respective LDR frequency over the frequency range. Furthermore, by assessing nonlinearities at twice and three times the frequency sweep bandwidth the probability of exciting LDR can be increased up to 5 times. Considering that there is y number of frequencies in the sweep bandwidth and 2y and 3y frequencies in the second and third harmonic bandwidths. Note, that second and third order nonlinear responses are a direct result of exciting between the fundamental frequency range (i.e. y).
The proposed method aims at exciting and imaging damage regions using an optimised local resonance excitation method, without an apriori knowledge of the local defect frequency or location, coupled with a combined linear and nonlinear imaging approach. Damage sizing and evaluation benefits are expected by incorporating the nonlinear method, due to; nonlinearities (higher order harmonics) that are generated locally near boundary regions of delaminations (as well as within the delamination region) [40] . It is expected that nonlinearities near the edge of the delamination will provide a greater detail of the edge of the damage region when compared with linear methods and thus improved identification and sizing in the combined method.
Considering an array with transmitting position j and receiving element m (Fig. 1 ) the time domain signal with a broad frequency re-
. Thus the sum of all the captured signal at receiving position m can be defined by the below equation: can be evaluated at a generic point m as follows:
A sweep signal was employed to excite a range of frequencies, from each j transmitting locations, and captured at each m location, hence the summed frequency spectrum (F f ( ) m ) at each m location (Eq. (2) can be determined. Excitation is conducted from a low frequency at f l 1, to a high frequency at f h 1, with the individual frequency amplitudes remaining the same over the range, as shown in Fig. 2 below.
As the method focuses on a frequency sweep excitation (rather than a single frequency excitation), in order to differentiate between the linear and nonlinear components the frequency range containing the fundamental, second and third harmonics responses need to be extracted. A single value is determined for each m position by integrating over the respective linear and nonlinear regions in the spectrum. For example (refer to Fig. 3 ): if excitation is conducted between f l 1, and f h 1, (for example between 20 kHz and 30 kHz) the spectrum for all 6 excitation (j) locations (i.e.F f ( ) m ) will be integrated between this linear region ( f l 1, to f h 1, ) which will results in the summation of all amplitudes across this region giving a single linear value for each of the m positions ( Fig. 1 ). This process can be repeated for the nonlinear components that will occur at multiples of the fundamental between f l 2, and f h 2, for the second (for example between 40 kHz and 60 kHz) and between The linear and nonlinear components were defined using the equations below (refer to Fig. 3 ):
where H b 1, refers to the frequency response in the linear region with b being the frequency band number, H b 2, refers to the second harmonic frequency response, then H 3,b refers to the third harmonic frequency response F m (f) is the frequency domain response of the time signal (f) for a particular location m, f l 1, and f h 1, are the lowest and highest linear excitation frequency, and multiples of these frequencies are the second ( f l 2, and f h 2, ) and third harmonic ( f l 3, and f h 3, ) frequency bands. By integrating between the relative frequency bands for the fundamental and higher order harmonics, the frequency response can be determined. When the structure is excited from each j position the linear (H 1,b ) and nonlinear (H 2,b and H 3,b ) components can be evaluated for each m position. Using a large frequency band, the local defect resonance responses can get buried in the integrated responses (H 1,b , H 2,b and H 3,b ), hence the wider the band the smaller the relative response. To avoid this, each band (
is divided into smaller subbands (refer to Fig. 3 above) and a subtraction method was developed to increase damage related nonlinear responses vs. noise (i.e. improving the signal to noise ratio). The same integration process highlighted in Eq. (3) is conducted for each sub-band, for example; the fundamental response from Fig. 3 can be broken down into three sub-bands (
(respectively). Using this method the unknown LDR frequency of the damaged region is amplified and isolated. 2) and are used to generate 3D grids (i.e. an image of the inspected region). In order to determine all combinations between the three images a 3 × 3 matrix (3 columns and 3 rows) is generated (Fig. 4) , from this all combinations can be determined ( 3 , thus only one set of each is considered. Finally, considering the total frequency response for the three sub-bands, the total number of non-repeated and non-zero combinations is 3 (refer to Fig. 5 ), the method takes the absolute value for each subtracted point (S S S , ,
3 ) and sums them to evaluate the difference between all the points (S T ).
An example of the proposed method is shown in Fig. 5 where S T is the final image generated by the summation of the images Clearly the methodology can be expanded to take into account more sub bands thus changing the total number of combinations. This can be determined by using the combination ( C n r ) of n distinct things taking r at a time, as follows:
where ⩽ ⩽ r n 0 , n being the number of sub-bands and r being the number of bands to compare (2 at a time in this case).
Nonlinear ultrasound methodology
The fundamental equations used and developed in order to determine the further harmonics (second and third order nonlinearity parameters) are highlighted below (Eq. (5)- (9) . The second (β p ) and third (γ p ) order nonlinearity parameter can be described by the equation below [41, 42] : 
where A 1 , A 2 and A 3 are the respective frequency amplitudes of the first, second and third harmonics of the recorded time domain waveforms, k is the wavenumber, and a 1 is the propagation distance. respectively, due to the sweep methodology employed and relate to the total summed amplitude over the sub band or band. Thus the simplified nonlinear parameters used for the described method are as follows:
Three parameters were used to assess the applicability of the combined linear and nonlinear response. In order to do this, all the frequency band re sponses were normalised against the maximum response of the grid (m captured positions) using the LV (refer to Fig. 1 ). These parameters were used to assess the effectiveness of the combined linear and nonlinear approach while evaluating whether various nonlinearities (second or third) should be included or disregarded in the process. Firstly α norm (Eq. (7) By evaluating α norm and β norm separately it is possible to evaluate the overall effect of the third harmonic and thus determine if damage detection capabilities improve. The same approach is applied to γ norm where the fundamental frequency response is first removed from the nonlinear responses and then is added back. These parameters will also allow for direct assessment against a purely linear response, it is expected that results should improve in the combined solution. 
In the same way as with Eq. (6), the subtracted results can be substituted into these equations in order to evaluate its effectiveness.
Equipment and experimental setup
The proposed methodology was tested on three impact damaged samples; a large composite stiffened panel and two composite flat plates. The complex composite stiffener panel (S1 - Fig. 6 ) had a width of 577 mm, length of 797 mm and thickness of 5.5 mm, while the two flat plates (S2 and S3 - Fig. 7 ) had a width of 250 mm, length of 350 mm and thickness of 13 mm. S2 was impacted slightly off center as shown in Fig. 7(a) , while S3 was impacted in the center of the panel (Fig. 7(b) ). The green highlighted regions (Fig. 6 and Fig. 7(c) and (d) ) show the LV grid layout position and size relative to the samples tested. S1 was tested using one array setup using 6 transmit locations (P1 to P6, Fig. 6 (a)). S2 was tested using two array setups using 6 and 8 transmit locations ( Fig. 7 (c) and (d)) . While S3 was only tested using one array setup using 8 transmit locations (Fig. 7 (d) ). It should be noted that for this testing method the composite material layups/properties and impact information is considered to be unknown, in order to represent a real life scenario.
The input signals were generated using a function generator (built in generator -Polytec PSV-A-420) linked to an amplifier (Falco Systems, DC to 5 MHz, High Voltage WMA-300, x50 gain up to 300 V), and applied to the structure at 200 V with a piezoelectric active transducer (Piezoshaker PS-X-03-6/1000, central frequency of 60 kHz). The piezoelectric active transducer had a built in suction cup and was attached with the aid of a pump, with contact aided using ultrasound coupling gel. The direct out-of-plane vibration responses were captured with no averages being taken using a highly sensitive LV (Polytec PSV-A-420). S1 had a grid of 1395 points (31 × 45, pitch between points ∼7.2 mm, Fig. 6(b) ), for S2 and S3 the 6 transmit setup (T6) had a grid of 1517 points (37 × 41, pitch between points ∼4.74 mm, Fig. 7(c) ) with the 8 transmit setup (T8) having a grid size of 1665 points (37 × 45, pitch between points ∼2.21 mm, Fig. 7(d) ). The 8 transmit setup had a circular pattern with transducers placed at 45 degrees to one another. The signal response at each grid location was measured with a sampling frequency of 512 kHz, with the generated signal being 32 ms and 16,384 points in length for all the samples tested. Only one transducer was used to conduct the tests, this was done by moving the transmit position from P = 1 to 8. A standard phased array system was used to evaluate the BVID in the tested samples. A 5 MHz 128 element probe using a half-step method using 16 elements was used to evaluate the samples. Figs. 8 and  9 show the time of flight (TOF) and amplitude (AMP) results for S1 and S2, respectively.
A broad frequency sinusoidal sweep waveform was generated (10 kHz band) and used to excite the damage regions. The baseline free methodology adopted required that no preliminary testing to determine the excitation frequency was conducted. Rather, frequency sweeps between various ranges were conducted and acted as the initial and final BVID testing for the samples. Table 1 below highlights the test carried out for this study, with the number of transmit positions in brackets. Sweeps were conducted at intervals of 10 kHz (i.e. from 20 kHz to 30 kHz) for the six and eight transducer transmit layups. This was done in order to ensure that there was no overlap between the fundamental Fig. 11. Frequency band 20-30 kHz, 6 transducer layout, fundamental frequency (H 1 ) response S2. frequency response and that of the higher order harmonics. For example: the second harmonics of a sweep between 20 kHz and 30 kHz would appear between 40 kHz and 60 kHz, with the third between 60 kHz and 90 kHz. The excitation frequency band was chosen according to the best response (largest amplitude over the frequency range) generated by the transducer which fell between 20 kHz and 50 kHz. As the method does not rely on finding LDR frequencies, the testing procedure is simplified by selecting these frequency bands, while the probability of exciting at an LDR frequency is improved.
Results and discussion
Individual location excitation: Fundamental frequency
The frequency responses for all grid points were evaluated for the various transmit position layups for all three samples. The individual position and summed results for the fundamental frequency (H b 1, ) of S1 and S2 are shown in Figs. 10 and 11 , respectively. The results have been normalised for these images in order to show the improvement in the constructed image. It can clearly be seen in these images that the location of the transducer affects the damage areas that are excited and it is clear that all locations excite the defect to some extent. These effects can be attributed to directionality and magnitude of the incident wave propagating towards the damage/defect regions and how these are affected by the composite structures geometry (wave reflections) and mechanical properties i.e. attenuation, the way the wave interacts with boundaries and changes in boundary geometry.
Furthermore, as is expected, the constructed image of all transducer locations provides a clearer image of the damage. An unweighted linear least-squares regression was used to smooth the raw data (using MATLAB function 'sgolay'), this method is a generalised moving average with filter coefficients and a polynomial model of a specified degree (set to 4 in this case). Figs. 10 and 11 shows that by integrating between 20 kHz and 30 kHz it is possible to visualise the damage and evaluate location and size.
CNAS Evaluation: Second and third harmonics
The CNAS methodology looks to reduce and alleviate spurious responses and focus on those generated at actual defect locations (by introducing sub-bands and a subtraction method to focus on LDR), this will be shown in the second and third harmonic images (Figs. 12 and 13) for S1. Sub-bands of 1 kHz were used according to the fundamental frequency (i.e. ten bands between 20 kHz and 30 kHz), with 2 kHz and 3 kHz bands being used for the second and third harmonics. The second harmonic has been normalised to the maximum value found in Fig. 12(a)-(j) , with the third normalised to the maximum value found in Fig. 13(a)-(j) . Images from Fig. 12(k)-(l) and Fig. 13(k) -(l) are individually normalised to 1. response between 54 kHz to 56 kHz ( Fig. 12(h) ) and 56 kHz to 58 kHz ( Fig. 12(i) ) is clearly higher than other sub-bands. It is also clear to see how the damage area responds at the various excitation frequencies. It should be remembered that these second harmonic responses are generated when excitation takes place at half the frequency. Therefore it can be assumed that an LDR, for the second harmonic, can be found between 27 kHz and 29 kHz. The results over the whole band (40 kHz to 60 kHz, Fig. 12(k) ) do not provide an image that is clearer than when the frequency excitation is close to LDR, which is expected when considering the increased vibration amplitude at these frequencies. When considering the subtracted image (with n = 10 sub-bands, choosing r = 2 samples) 45 individual subtracted images are generated which are then added together to identify and focus on intensifying the damage. The subtracted image (Fig. 12(l) ) shows a better identification of the damage location and morphology than the sub-band (Fig. 12(a)-(j) ) and whole band images (Fig. 12(k) ) in terms of its clarity and effectiveness in identification of the damage. According to the theory of LDR the amplitude and thus ability to locate the damage will change according to the frequency, thus after subtraction this will result in a differential at damage locations, whereas noise and other spurious effects (which can be seen to the right of the damage region in the image below) will stay fairly constant between excitation frequencies and thus should have a subtracted value close to zero. This duel effect of a reduction in noise and focus on nonlinearity produces a much improved visualisation of the second harmonic (i.e. nonlinearity).
Similarly to the second harmonic, Fig. 13 below shows the results obtained for each third harmonic frequency sub-band ( Fig. 13(a)-(j) ), whole band ( Fig. 13(k) ) as well as the subtracted image ( Fig. 13(l) ). The visualisation of an LDR frequency is clearly evident between 69 kHz to 72 kHz (d) and 72 kHz to 75 kHz (e) as the damage regions amplitude is clearly higher than at other sub-bands. It should be remembered that these third harmonic responses are generated when excitation takes place at a third of this frequency. Therefore it can be assumed that an LDR, for the third harmonic, can be found when exciting between 23 kHz and 25 kHz. LDR is the local defect resonance and there is no implication that these frequencies are multiples and will varying across a broad frequency. This highlights the difficulty in finding an individual LDR frequency. The CNAS (including subtraction) method improves detectability without prior knowledge of LDR thus it can be considered a baseline-free technique.
Figs. 12(l) and 13(l), clearly show that the subtraction method proposed results in an improved quality of the contours of the damage region (reduction in noise relative to damage region) when evaluating the nonlinear results and thus aids in damage identification, location and sizing. Furthermore, reinforcing the assumption of the LDR based subtraction employed as a method of damage identification without apriori knowledge of the LDR frequency/frequencies.
CNAS linear and nonlinear evaluation
After showing the benefits of the subtraction method in the previous section, this section focuses on the combination of linear and nonlinear responses in an effort to improve damage detectability. In all cases where subtraction was conducted over a broad frequency range (i.e. between 20 kHz and 40 kHz for S2 (Fig. 16(o) ), 20 kHz and 50 kHz for S2 (Fig. 18(l) ) and 20 kHz and 50 kHz for S3) results outperformed or were equivalent to the linear response. These outcomes suggest that by exciting over many narrow frequency ranges during material testing and then subtracting the images it is possible to increase the damage/defect discovering potential. Furthermore, the results follow those found in Section 4.2, which showed the improved second and third order harmonics after subtraction (Figs. 12 and 13) , thus, by improving the low amplitude harmonic images through subtraction and combining them with linear responses there is a general improvement in damage definition and reduction in background noise and spurious responses. This is the general case as shown in the results for S2 which are highlighted in Fig. 16 (6 transmit locations, no subtraction and subtraction), Fig. 17 (8 transmit locations, no subtraction) and Fig. 18 (8 transmit locations, subtraction) . Fig. 19 below shows the wide band linear and nonlinear results superimposed over the traditional PA C-Scan image. It can be seen that the two broad frequency responses predict the damage location and size well, furthermore when more transducers are added to the system and the frequency band broadened the results more accurately predicts the damage location and size. The PA images Fig. 19(a) and (b) show a lot of scattering (especially in the time-of-flight image TOF) at locations around the damage region, whereas the results from CNAS (c) to (e) have cleaned up the image reducing these spurious effects. It should be noted that nonlinearities would generally be produced between the crack tips of delamination's (during clapping and rubbing) but also near the edges of this delamination's thus a larger prediction of the damage area is in line with expectations. Additionally, this relationship along with the higher sensitivity of nonlinearity is expected to aid in discovery of smaller damages. (Figs. 12 and 13 ) which showed a much more pronounced evaluation of the damage around the edge and a reduction of the background noise. Fig. 20 highlights the debate on whether a 50% threshold is appropriate in defining the extent of the damage size when considering nonlinear approaches. This threshold was used in order to conduct a direct comparison between the different methodologies. While this threshold level is considered the standard for damage evaluation using traditional methods (linear), it is not appropriate for the evaluation of a nonlinear technique. The production and generation of damage related nonlinearities are specific to the damage and extent of damage. Without damage, these nonlinearities would not be generated, in addition these responses are small thus a 50% threshold applied may in fact cut-off responses that should be considered damage. Hence once subtraction of the image is made, applying a threshold to these images may not be appropriate.
Results from 3 samples have been used to assess the effectiveness of the proposed method, which have been summarised in Table 2 below. All the results have been included for each linear and nonlinear parameter, with Figs. 14-20 used as a guide to visualise the tabulated conclusions. The results show the combined linear and nonlinear results (α norm , β norm and γ norm ) versus the linear results (H 1 ) for both the standard (no subtraction) and subtracted results. If the combined results under predict the size of the damage relative to H 1 , the case is given a negative score of −1, if the results are equivalent a score of zero is given and if the combined results predict a larger area, a positive score of 1 is given. A larger area is considered preferable as it is assumed that as the damage reduces in size a larger predicted area will make it easier to distinguish and identify. Please refer to Table 3 below for a comparison between grid size and testing time.
In Fig. 14(e) it can be seen that α norm (black line) is slightly larger than H 1 , while β norm is smaller than H 1 , and γ norm is equivalent to H 1 , thus a score of 1, −1 and 0 have been given respectively. In Fig. 15(e) and (f) it can be seen that α norm and β norm (black line) are larger than H 1 , while γ norm is equivalent to H 1 , thus providing a score of 1, 1 and 0 respectively. From the total scores for each method, it can be seen that γ norm out performs α norm , β norm and H 1 . By combining the second, third and fundamental frequencies in the computation of γ norm , 66% (no subtraction) and 75% (with subtraction) of the tests conducted result in γ norm providing superior damage detection results than the purely linear techniques while being equivalent in all the rest of the cases. When considering the second and third harmonics in α norm and β norm , they generally performed not as well as the γ norm parameter. These results show conclusively that focusing on both the second and third order bands along with the fundamental improves damage identification and imaging. This method is unlike various other nonlinear techniques that either focus on an individual frequency or the whole frequency response outside the fundamental. Thus reducing frequency selection issues and providing nonlinear information that is damage related while minimising the chance of including spurious frequency responses in the results. Table 2 Comparison between various methods tested and final score. 
CNAS sensitivity analysis
There is significant interest within industry for non-destructive evaluation (NDE) systems that have the ability to rapidly and accurately detect damage in large structures. A sensitivity analysis on the results was conducted in order assess the ability of the method to determine damage when adjusting the total testing time. This was done by adjusting the number of points in the grid used to evaluate the damage location. Figs. 21 and 22 below shows the results for S2 (8 excitation locations) with the grid size reducing by a quarter (from: 1665 points to 20 points) while evaluating the fundamental, the second and third harmonic production. The total evaluation area remained constant while the number of points and thus time to conduct the testing reduced by a quarter each iteration.
In Fig. 21 a 10% (20 dB drop) was used to evaluate the effectiveness of the nonlinear responses (second and third harmonics). The results show that at a 10% threshold the nonlinear responses clearly identify the damage location and morphology. This highlights the unsuitability of a 50% (6dB) threshold for nonlinear responses, as discussed in the previous section. Fig. 22 below shows the fundamental, second and third harmonics with a 50% threshold. The second and third harmonics are not visible when a grid size of 37 × 45 is used, which is a result of the 50% threshold and larger nonlinear responses being focused in small areas. This highlights how important the local response of the nonlinearity is in damage detection. These high amplitude individual grid point responses are not captured when the grid size is reduced; thus the damage is visible with a grid size of 18 × 22 and 50% threshold.
With only 20 capture locations the fundamental (Fig. 22 ) and nonlinear (Fig. 21 ) responses suggest that there is some damage, while with 99 capture points there is good damage assessment capabilities. Damage definition and size are affected by the number of grid points, this results in an enlargement of the damage area in the fundamental response, an effect related also to the smoothing algorithm. While when compared to the nonlinear (Fig. 21) responses the size of the damage is less affected and is more in line with the larger grid size responses (37 × 45 and 18 × 22). Fig. 22 suggests that a grid size of 396 points results in superior results than with 1665 points when evaluating the second and third harmonic, this is a result of maxima values not being recorded when the grid reduces to 396 points. For example: if the maximum value of the second and third harmonic is normalised to 1 for 1665 grid points (thus the image captures everything from 50% to 100%), the maximum value for the grid of 396 was found at 66% (image shows results between 33% and 66%) and 28% (between 14% and 28%), for the second and third harmonic respectively. This follows that for the second and third harmonic most nonlinearities over the grid can be found between 33-50% and 14-28% of the maximum value found for a grid of 1665 points, respectively. Thus further substantiating that linear thresholding practices cannot simply be applied to nonlinear results.
The table below summarises the sensitivity analysis results into total time (s), area of scan (mm 2 ), speed of scan (mm 2 /s), and then into damage characteristics in terms of grid size. The speed of the tests depend on grid density, S1 and S2 for the 6 transducer setup had the least dense grid in terms of points over the total scanned area. Thus the speed of these tests (74 mm 2 /s and 32 mm 2 /s) were faster than that produced for S2 and S3 when 8 transducers were used (5.3 mm 2 /s). From Figs. 21 and 22 above, it can be seen that damage can be determine with a grid size of 9 × 11 over the inspected area, thus it can be considered that the tests can be conducted at a speed of 85.4 mm 2 /s. The area per point was calculated for the various test methods in order to evaluate the minimum grid density required to effectively determine damage. The results suggest that 5 points along the length or width of the damage area would be sufficient in determining damage using this methodology. The size of this grid would depend on the expected size of damage required to discover. Furthermore the effects of stiffening as damage reduces in size should also be taken into account, as this will reduce out-of-plane velocities.
Conclusion
A baseline-free linear and nonlinear imaging approach using a Constructive Nonlinear Array Sweep (CNAS) technique is proposed for the detection of Barely Visible Impact damage in complex composite structures. CNAS excites material over a narrow frequency band to increase the probability that an LDR frequency is observed without an apriori knowledge of the excitation frequency. It was demonstrated that the main advantages of developed CNAS approach are: reduction of signal noise levels, better identification of LDR frequency, the use of multiple frequency bands lead to higher detection probability and damage size estimation, and finally reduction of equipment related nonlinearities. The results showed that the proposed method leads to better imaging of damaged regions in complex aeronautical structures, resulting in improved reliability and accuracy of aircraft inspection procedures.
